Background. Kettlebell lifting has gained increased popularity as both a form of resistance training and as a sport, despite the paucity of literature validating its use as a training tool. Kettlebell sport requires participants to complete the kettlebell snatch continuously over prolonged periods of time. Kettlebell sport and weightlifting involve similar exercises, however their traditional uses suggest they are better suited to training different fitness qualities. This study examined the three dimensional ground reaction force (GRF) and force applied to the kettlebell over a six minute kettlebell snatch set in 12 kettlebell trained males.
INTRODUCTION
18 Kettlebell sport, also referred to as Girevoy Sport (GS) competition originated in Eastern Europe 19 in 1948 (Tikhonov et al. 2009 ). In recent years, kettlebell lifting has gained increased popularity 20 as both a form of resistance training and a sport. The kettlebell snatch is one of the most popular 21 exercises performed with a kettlebell. The movement is an extension of the kettlebell swing, and 22 involves swinging the kettlebell upwards from between the legs until it reaches the overhead 23 position. To date, the barbell snatch has received much attention and reviews of the literature 24 have demonstrated it be an effective exercise for strength and power development (Escamilla et . 28 In a classic kettlebell competition, the winner is the person who completes the most snatch lifts 29 within a 10 minute period. Current rules stipulate that the athlete can only make one change in 30 the hand by which they hold the kettlebell during this ten minute period. Additionally, to score a 31 point the kettlebell must be locked out motionless overhead. The overhead position is known as 32 fixation, which was found to have the lowest movement variability compared to the end of the 33 back swing, and the midpoints of the upwards and downwards phases within its trajectory (Ross 34 et al. 2015) . It has been proposed that due to the kettlebell's unique shape and its resulting 35 trajectory, the unilateral kettlebell snatch may be better suited for performing multiple repetitions 36 than a single maximum effort (Ross et al. 2015) . Specifically, the kettlebell snatch trajectory 37 follows a 'C' shaped trajectory as it can move in between the athlete's legs (Ross et al. 2015) , in 38 contrast to an 'S' shaped trajectory of the barbell snatch (Newton 2002) , which moves around the 39 knees. In elite kettlebell sport, the kettlebell snatch also involves a downwards phase which 40 follows a smaller radius compared to the kettlebell's upwards phase (Ross et al. 2015) . The 41 downwards phase gives it more of a cyclical natural than the barbell snatch, where the barbell is 42 dropped from the overhead recovery position, thus allowing a training stimulus in both the 43 upwards and downwards phases.
45
The kettlebell snatch and barbell snatch move though a number of different phases that share 46 some similarities. From the starting position the barbell snatch has the following phases: first 47 pull, transition, second pull and catch phase (Haff & Triplett 2015) . In contrast, the kettlebell 48 snatch starts at fixation and has the following phases: drop, re-gripping, back swing, forward 49 swing, acceleration pull and hand insertion phases (Ross et al. 2015 ; Rudnev 2010). The second 50 pull has been shown to be the most powerful motion within the barbell snatch (Garhammer 51 1993). Similarly, the acceleration pull phase has been suggested to be the most explosive phase 52 of the kettlebell snatch (Rudnev 2010).
54
There is currently little research on the kinetics of the kettlebell snatch. The only study to date 55 recorded the bilateral ground reaction force (GRF) of the kettlebell swing and snatch (Lake et al.
56 2014), The kettlebell snatch and two handed swing were analysed over three sets of eight 57 maximum repetitions, with horizontal and vertical work, impulse, mean force and power of the 58 kettlebell snatch and swing calculated (Lake et al. 2014 ). Both exercises had greater vertical 59 impulse, work, and mean force power than the horizontal equivalent regardless of phase (Lake et 60 al. 2014). The vertical component of the kettlebell snatch and two handed swing were 61 comparable, whilst the two handed swing had a larger amount of work and rate of work 108 plate of the kettlebell, and two markers (14 mm x 12.5 mm in diameter) were placed on the 109 kettlebell at the base of each handle. The markers were placed in these positions to help avoid 110 contact with the lifter during the set. Nine VICON infrared cameras (250Hz) were placed around 111 two adjacent AMTI force plates (1000Hz). The point of origin was set in the middle of the 112 platform, to calibrate the cameras' positions. The athlete was instructed to stand still with one 113 foot on each plate and the kettlebell approximately 20 cm in front of him before the start of the 114 six minute set in order to process a static model calibration. A self-paced set was then performed 115 as if they were being judged in a competition. To initiate the set, the kettlebell was pulled back 116 between the legs. 137 set at the point that peak bilateral absolute resultant force or peak resultant force for the 138 ipsilateral and contralateral leg was reached, the three dimensional force was reported. In 139 addition to the entire set, the three dimensional bilateral forces were reported for the first and last 140 14 repetitions. Fourteen repetitions were chosen because it was the closest whole number to the 141 mean repetitions per minute performed by the subjects over the six minutes. The forces were 142 presented in both absolute units and relative to each subject's body mass. As the majority of the 143 work occurred between the end of the back swing and the midpoint of the upwards and 144 downwards phases of its trajectory, impulse for each leg was calculated over this period. 148 data were screened for normality using frequency tables, box-plots, histograms, z-scores and 149 Shapiro-Wilk tests prior to hypotheses testing. One univariate outlier was detected and removed 150 from three of the data sets, relative unilateral vertical GRF, relative and absolute upwards phase 151 medio-lateral GRF. In order to satisfy normality, the medio-lateral GRF for the absolute upwards 152 phase was transformed using the base 10 logarithm function. Following data screening, the final 153 sample numbered 11 to 12 participants.
154
155 A 2x2 two-way ANOVA was used to evaluate the difference within peak applied force, absolute 156 and relative resultant, anterior-posterior, medio-lateral and vertical bilateral GRF vectors for both 157 the first and last 14 repetitions and the upwards and downwards phases. Additionally, absolute 158 and relative unilateral GRF vectors were compared with a 2x2 two-way ANOVA between the 159 ipsilateral and contralateral legs as well as the upwards and downwards phases. Temporal 160 measures of kinetics were compared within different time steps of the kettlebell trajectory with 161 two-tailed paired t-tests and a Bonferroni adjustment. Within a repetition, the resultant velocity, 162 bilateral GRF and applied force of different time steps were compared to their peak value. 163 The magnitude of the effect or effect size was assessed by Cohen's D (ESD) for t-tests and 164 Cohen's F (ESF) for two-way ANOVA. Trials from both right and left hands were assessed. If 165 the lifter performed an uneven number of repetitions with each hand, the side with the greatest 166 number had repetitions randomly removed in order to allow for an even amount of pairs.
167 Removed repetitions were evenly allocated between each minute. Within each minute, randomly 168 generated numbers corresponding to each were used to determine removed repetitions. The Tables 1 and 2 show descriptive statistics for the three dimensional GRF and applied 181 force during the first and last 14 repetitions for the absolute and relative values, respectively. 182 The absolute peak applied force was significantly larger for the first repetition period compared 183 to the last [i.e. first 14 vs last 14] when a full repetition was analyzed (i.e. upwards and 184 downwards phases combined) (F (1.11) = 7.42, p = 0.02, ESF = 0.45). Tables 3 and 4 219 Three dimensional motion analysis was used in this study to document kettlebell snatch kinetics 220 of trained kettlebell athletes over a six-minute period. The main finding of this study was that the 221 bilateral GRFs were similar from the first and the last 14 repetitions, however, there were large 222 significant differences within the applied force of the first and last 14 repetitions. Large effect 223 size differences in the GRF were found between the ipsilateral and contralateral legs within the 224 anterior-posterior and medio-lateral vectors. Over the course of a single repetition, large 225 differences in applied force and GRF were evident as the kettlebell moved from the end of the 226 backswing, to the lowest point, midpoint and highest point in the upwards and downwards 227 phases. There were large differences in the bilateral GRF and the applied force across different 228 parts of the range of motion. . Further, results of the current study indicated that the kettlebell snatch produced large 249 effect size differences in two vectors of GRF between the two legs. The peak resultant force of 250 the ipsilateral leg was found to occur later than the contralateral leg which has also been shown 251 in the unilateral dumbbell snatch (Lauder & Lake 2008 ). This would suggest that during whole 252 body exercises, holding the implement in one hand will place somewhat different demands, 253 albeit of a modest magnitude, on the lower body even when it's functioning bilaterally.
254
255 This study demonstrates that with training, experienced kettlebell athletes are able to sustain 256 consistent GRF and applied force to the kettlebell over a prolonged six-minute set of the 257 kettlebell snatch, even though the applied force over different points of the trajectory exhibited 258 marked differences within each repetition. Interestingly, the peak applied force of the first 14 259 repetitions was significantly greater than the last 14 repetitions, suggesting that the kettlebell 260 athletes were becoming fatigued at the end of the six minutes. This may be explained by the 261 reduced hand grip strength that we observed. This supports the anecdotal evidence that grip 
